Abstract-A Monte Carlo framework, MAGE, has been developed based on the GEANT4 simulation toolkit. Its purpose is to simulate physics processes in low-energy and low-background radiation detectors, specifically for the MAJORANA and GERDA 76 Ge neutrinoless doublebeta decay experiments. This jointly-developed tool is also used to verify the simulation of physics processes relevant to other low-background experiments in GEANT4.
I. INTRODUCTION
MAGE (MAjorana-GErda) is a GEANT4-based [1] , [2] Monte Carlo framework jointly developed by the MAJORANA [3] and GERDA [4] collaborations.
Both experiments will search for the neutrinoless double-beta decay (0νββ-decay) of the 76 Ge isotope using arrays of HPGe detectors. 0νββ-decay is a second-order weak process, the discovery of which is the only practical way to determine if the neutrino is a Majorana particle (for details, see the review article in [5] ). The purpose of MAGE is to simulate the MAJORANA and GERDA experiments and their prototypes within a unified coding framework. In the prototyping phase, the simulation is used as a virtual test stand to guide detector design, to estimate the effectiveness of proposed background reduction techniques, and to project the experimental sensitivity.
MaGe is used to develop detailed background models, and to study signal characteristics and systematic uncertainties. The simulation is also heavily employed in detector characterization and calibration tasks.
The unified framework allows the reuse of code and verified simulated physics processes. The list of implemented physics models, the so-called physics list in GEANT4, was optimized in MAGE for lowbackground, underground physics applications [6] , with an emphasis on low-energy interactions and hadronic interactions resulting from cosmic ray spallation.
The MAGE concept is discussed in Section II. The code structure (Section III) is followed by the imple- A summary of the validation is given in Section VI.
Conclusions are in the last section.
II. CONCEPT
The main goal of the development of MAGE is the creation of a robust, reliable and general-purpose
Monte Carlo framework suitable for the simulation of physics processes and background sources relevant for low-background experiments, specifically 0νββ-decay experiments.
The structure of the framework allows (1) a parallel and independent development of different branches of the code, for instance geometries and interfaces; The choice of GEANT4 as the basis for MAGE was motivated by its flexibility and ambitious development within the particle and medical physics communities.
A wide number of physics models are included and maintained in GEANT4. The most stringent requirements for MAGE are the proper simulation of the relevant background sources for 0νββ-decay experiments. Specifically, this requires a precise description of 1) electromagnetic interactions from electrons and γ-rays at MeV and keV energies;
2) radioactive isotope decay chains and nuclear deexcitation;
3) interactions of thermal and fast neutrons; 4) the development of electromagnetic and hadronic showers initiated by cosmic ray muons; 5) penetration depths and ionization energy loss profiles of α-particles.
GEANT4 includes specific models for low-energy electromagnetic physics [7] , for neutrons below 20 MeV, and for the description of hadronic interactions resulting from cosmic ray spallation. Furthermore, different models in the physics list, tailored to fit specific physics applications (e.g. the simulation of radioactive and muon-induced background contributions)
can be selected at runtime using macro commands.
The same feature applies to many important tuning parameters, such as the production cuts for δ-rays and soft bremsstrahlung photons. • Event Generators: GEANT4 provides a suite of tools to create the initial conditions for an event.
These include radioactive decay-chain generators and simple volume samplers. MAGE also has the capability to use the GEANT4 RDM [10] generator for radioactive isotope decay. Furthermore it has a custom radioactive decay generator for specific isotopes, such as DECAY0 [11] . This allows for the later inclusion of such effects as angular correlation between emitted γ-rays during 60 Co decay, which is not implemented in the RDM generator.
In addition, MAGE includes generators to simulate neutron and muon backgrounds in underground laboratories, using either theoretical models or data-driven approaches. Interfaces are available which read initial conditions for an event from
other codes, as SOURCES4A [12] for neutron flux and MUSUN [13] for muon flux.
Additional functionality was added in the form of a complex volume sampler that can generate points uniformly distributed in any GEANT4 boolean solid.
This is required to simulate radioactive contamination embedded in detector components. A surface sampler was also implemented that creates points uniformly distributed on the surface of an arbitrary GEANT4 solid [14] . This is required to simulate surface contaminations, in particular α-emitters. The user selects the appropriate generator at runtime and the corresponding class is instantiated.
• Materials MAGE has the ability to read in all relevant information about materials from a PostgreSQL database. This is currently limited to quantities such as density, isotopic abundance, etc.
Once the MAJORANA or GERDA detectors are constructed, the materials used will be carefully for low-background physics applications [6] , [16] .
MAGE has a default physics list that is mainly based on the Underground Physics advanced example which is distributed with GEANT4 [15] . The hadronic models implemented in the physics list are
• theory-driven quark-gluon string models (QGSP)
for pions, kaons and nucleons with energies up to 100 TeV;
• low energy parameterized (LEP) models [7] for inelastic interactions of pions and nucleons with energies between 10 and 12 GeV, and for kaons below 25 GeV;
• Bertini (BERT) or, alternatively, Binary (BIC) cascade models are used to describe nucleon and pion interactions below energies of 10 GeV;
• data-driven neutron capture, fission, and elastic and inelastic scattering models from thermal energies to 20 MeV based on tabulated cross-section data derived from the ENDF/B-VI database [17] (HP models).
Alternative hadronic physics lists are available in MAGE that can be instantiated by messenger commands. Dedicated commands allow to use only LEP models (instead of cascades) for nucleons below 10 GeV, and to select Bertini or Binary models for nuclear cascades.
For inelastic interactions of neutrons with energy below 8 GeV, it is also possible to use an alternative theorydriven quark-gluon string model (QGSC) which employs chiral-invariant phase-space modeling for nuclear deexcitation [7] .
Interactions of leptons with nucleons are simulated using the equivalent photon approximation. Photonuclear interactions are modeled in detail and are divided into five energy regions:
• the giant dipole resonance region (10-30 MeV);
• the quasi-deuteron region (from 30 MeV to the pion production threshold);
• the Λ region (from the pion production threshold to 450 MeV);
• the Roper resonance region (450 MeV to 1.2 GeV);
• the Reggeon-Pomeron region (1.2-3.5 GeV).
Hadronic final states are generated using a chiralinvariant phase-space decay model. For energies above 3.5 GeV, photonuclear interactions are described by QGSP models.
Low-energy models [7] for the description of electromagnetic interactions of γ-rays, electrons and ions provided by GEANT4 are used in MAGE by default.
These models include atomic effects (e.g. fluorescence In order to compare the measured data with Monte
Carlo predictions the background from radioactivity in the laboratory is estimated for each source data set by scaling the background data set according to fits the number of events in characteristics γ-lines. The procedure is described in [20] . As an example the energy spectrum obtained from the 60 Co data set is shown in [20] , [23] . A large fraction of the emitted gammas deposit energy in more than one segment. This feature allows these events to be distinguished from those which deposit energy in relatively small volumes, such as 0νββ-decays. Such segmentation-based discrimination between singleand multiple-site interactions was compared between experiment and simulation, with deviations found on the 5% level.
The description of neutron interactions with Ge is probed by comparing data from a measurement of an AmBe source with predictions from MAGE. The measurements have been performed with a CLOVER detector and with the 18-fold segmented detector described previously [24] . At an energy level of several MeV, neutrons mostly interact through elastic and inelastic scattering as well as neutron absorption. The measured energy spectra were studied and photon lines from neutron interactions with the germanium detector itself and the surrounding materials were identified [25] .
Several discrepancies in the GEANT4 simulation were Results obtained in the MAGE simulation of NA55
have been compared with the GEANT4-and FLUKAbased [28] Monte Carlo simulations of the same experiment performed in [29] , and found to be consistent. The disagreement between Monte Carlo simulation codes and NA55 data for muon-induced neutron production is discussed in detail in [29] , [30] . The attenuation of the neutron propagation is found to be larger in the simulation than measured in the SLAC experiment [27] . A method to correct the neutron over-attenuation in MAGE-based simulations is described in [27] .
VII. CONCLUSIONS
We presented the MAGE framework for simulating interactions in neutrinoless double-beta decay experiments that utilize enriched HPGe detectors. The benefits of MAGE can be summarized as:
• reliable Monte Carlo framework based on GEANT4
for low-background, low-energy experiments;
• ongoing tests of the code and validation of the physics processes;
• flexible geometry and physics application that emphasizes code reuse and verification;
• general purpose tools like surface and volume sampling, custom isotope decay generators, etc.
In general there is good agreement between the MAGE simulation and the measurements of electromagnetic interactions with average discrepancies of the order of (5-10)%. Several problems have been identified in the simulation of neutron interactions in GEANT4.
These problems have been reported to the GEANT4 collaboration and are under investigation by the MAGE developers.
We anticipate that MAGE will form the foundation of the simulation and analysis framework of the GERDA and MAJORANA experiments. This framework is also applicable for other low-background underground experiments, such as solar, reactor and geological neutrino experiments, direct dark matter searches, and other neutrinoless double-beta decay search. These experiments share many detection techniques and background issues in common with GERDA and MAJORANA.
